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We present a field theory solution to the eta problem. By making the inflaton field the phase 
of a baryon of SU(N C ) supersymmetric Yang-Mills theory we show that all operators that usually 
spoil the flatness of the inflationary potential are absent. Our solution naturally generalizes to 
non-supersymmetric theories. 



Introduction. Inflation |T] is remarkably successful as 
a phenomenological model of the early universe. Besides 
solving the horizon and flatness problems of the stan- 
dard big bang cosmology, inflation provides an elegant 
explanation for the observed fluctuations in the cosmic 
microwave background [2, 3 . However, despite consider- 
able efforts, a concrete realization of inflation in a fun- 
damental theory of particle physics remains elusive. The 
main challenge for achieving such a microscopic theory of 
inflation is the eta problem. This refers to the problem of 
keeping the field which drives the inflationary expansion 
sufficiently light. If inflation is parameterized by a scalar 
field (j) with potential energy density V(<j>), the quantita- 
tive requirement for prolonged slow-roll inflation is 
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where the primes denote derivatives with respect to the 
field 4>. Hence, inflation requires a hierarchy between the 
inflaton mass m$ and the Hubble scale H . It is difficult 
to protect this hierarchy against high-energy corrections. 
Crucially, even Planck-suppressed corrections to the po- 
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tcntial, e.g. dimension-six operators like AV ~ V((f>) -fp-, 

pi 

generically destroy the condition Q. 

Our goal in this letter is to find a model of infla- 
tion for which the eta problem does not arise simply 
because there are no operators in the theory that can 
generate dangerous contributions to the inflaton mass. 
It is well-known that many contributions to the infla- 
ton mass are absent when the low-energy effective action 
for the inflaton respects an approximate shift symme- 
try (see e.g. [HE]). Since shift symmetries can arise in 
field theory as a result of spontaneous symmetry break- 
ing, it is natural to look for models where the inflaton is 
a pseudo-Nambu-Goldstone boson (PNGB) [5|[7]. How- 
ever, quantum gravity effects are believed to break all 
global symmetries [8j. Therefore, one cannot simply as- 
sume the presence of a shift symmetry without appealing 
to a UV completion. This UV-sensitivity has motivated 
the exploration of shift-symmetric large-field models in 
the context of string theory [5]. Yet, to our knowledge, 
there is no proposed field theory mechanism that can 



explain the origin of this approximate symmetry in any 
viable model of inflation. Of course, once a shift sym- 
metry is assumed in the low-energy theory, the theory 
is radiatively stable |U El 0. In contrast, in this letter 
we will aim for a more fundamental explanation for the 
protective symmetry. We will present a class of models 
in which the approximate symmetry for the inflaton is 
an inevitable consequence of the particle content and the 
gauge symmetries of the theory. 

Drawing inspiration from the stability of the proton, 
a natural approximate global symmetry to study is the 
baryon number symmetry of the Standard Model. Of 
course, this symmetry must be broken at high energies 
to explain the primordial baryon asymmetry in the uni- 
verse. Moreover, it is necessarily broken by Planck-scale 
effects in a theory of quantum gravity. However, experi- 
mental constraints on the lifetime of the proton rule out 
baryon number violation even through Planck-suppressed 
dimension-five operators. This is not in tension with 
the Standard Model which simply has no gauge-invariant 
baryon or lepton number violating operators with dimen- 
sions less than six. In this letter we suggest that the flat- 
ness of the inflaton potential can similarly be explained 
by a baryon number symmetry that cannot be broken by 
operators with dimensions less than seven. 

Supersymmetric SU(N C ). As a concrete example 
of our proposal we will study J\f = 1 supersymmetric 
SU(N C ) gauge theory [TU]. The theory has Nf quarks 
q = (qi) a and anti-quarks q = (qi) a - Often we will sup- 
press the flavor indices i and the gauge indices a. We 
form gauge-invariant operators from q and q by contrac- 
tions with the epsilon tensor or Kronecker deltas. Using 
<5£, we construct the following mesons: rriij = qi ■ q~j = 

K(n)a{ij) b and ma = S b(li)a(q}) b - Contrac- 

tions with the epsilon tensor result in baryons and anti- 
baryons (for Nf > N c ): 
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In the absence of a superpotential this theory has a U(1)b 
symmetry called the baryon number symmetry. Under 
this symmetry the quarks have charge +1 (q e la q) and 
the anti-quarks have charge —1 (q — > e~ la q). The mesons 
are invariant under the symmetry, while the baryons are 
charged: e.g. Bi.. k — > e lN " a Bi.. k . From here on, we will 
be a bit careless about the flavor indices unless this could 
be a source of confusion. It will ultimately be one specific 
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baryon that plays the important role. We will call this 
baryon simply B (or B). The phase of the baryon will 
become the infiaton field. Its potential will be protected 
by the U(1)b symmetry. 

U(1)b and gravity. Let us explain why U(1)b is a 
good symmetry even when coupled to gravity, despite the 
common lore that a theory of quantum gravity breaks all 
global symmetries [5]. To understand this we consider 
which operators we could write down that would break 
the symmetry. For simplicity, we take Nf > 3A C , in 
which case the theory is weakly coupled at low energies 
and we can treat all fields as free [TU]. The dimension of 
the baryon B is then N c . Hence, for N c > 3 there are 
literally no relevant operators in the theory that could 
break baryon number. This simple fact lies at the heart 
of our solution to the eta problem. As we will show, it 
leads to a parametric suppression of Kahler corrections. 
This is a dramatic advantage of our approach since, in 
general, corrections to the Kahler potential are extremely 
dangerous and often poorly controlled. 

A simple model. We now write down a simple model 
of supersymmetric hybrid inflation that realizes our basic 
idea. We will start by assuming that there is a singlet 
spurion field X whose non-zero F-term drives inflation, 
Fx = Ai 2 - We will further assume that baryon number is 
spontaneously broken at a scale / > fi. We identify the 
phase of B with the infiaton field (j> = \/2N c f9, i.e. we 
define B ~ f N c e N cW _ The inflationary regime will be at 
small field values, (/></■ 

The Kahler potential for the quarks and the spurion 
has the canonical form 



First, we note that the Kahler potential can only give 
rise to mass terms for the PNGB through operators of 
the form 
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where A < M p \ is the cutoff of the low-energy effective 
theory. The associated correction to the infiaton poten- 
tial takes the form 
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and we can always find a N c > 3 such 



that j] is very small. By construction, we can therefore 
ignore corrections to the Kahler potential entirely. 

Furthermore, there are only a handful of operators that 
can be added to the superpotential given the particle 
content and symmetries of the theory: 

- A potentially dangerous operator in the superpoten- 
tial is 



(9) 



which contributes the following correction to the eta pa- 
rameter, 



K = 9i- 9l + 9i ■ 4 + xx 
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To this we add a superpotential that spontaneously 
breaks the U(1)b symmetry and gives rise to inflation 



W = S mn (q m ■ q n — f 2 6 mn ) — fx 2 X , 
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For sufficiently large N c > 4 this will be a small correc- 
tion, if we take into account the typical hierarchies of 
scales: 



where S mn are singlets that will be integrated out. The 
flavor indices m, n run over the first N c flavors, while the 
gauge indices of (q m )a and (q n ) b are contracted. This 
model has the basic features we require: The first term in 
the superpotential induces a symmetry breaking vacuum 
expectation value (vev) for the quarks (q m )a ~ /e i m , B 
(from the F-term equations for S mn ), while the second 
term leads to a constant vacuum energy, Vq ~ l-F^I 2 = 
fi 4 . Finally, the phase of the baryon B is a Goldstone 
mode. Importantly, it should be clear that the U(1)b 
symmetry is only broken by irrelevant couplings in the 
superpotential. Therefore, U(1)b is necessarily a good 
global symmetry at low energies, even if it is broken badly 
at the Planck scale. 

Absence of the eta problem. The eta problem usu- 
ally arises because Planck-suppressed operators of dimen- 
sion up to six induce a large infiaton mass. We now ex- 
plain in more detail why this does not happen for our 
baryon inflation scenario. 



H 
— i — 



— I 1— 



A M 



pi 



- Next, we consider the effect of adding B (or B) di- 
rectly to the superpotential ^ 
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This causes S mn to get a vev: 
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and induces a mixing between S mn and the infiaton. This 
can give rise to a mass term for 9 through the follow- 
ing coupling in the Kahler potential: AK ~ A~ 1 (S mn + 
Sjn^X^X. The resulting contribution to eta is 



f\ N "~ 4 Ki 
A 2 



(13) 
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We note that this is always smaller than Arj in (10 1, so 
it doesn't give a new constraint. 

Graceful exit problem. As is typical in small-field 
models, additional waterfall fields are required to end in- 
flation and reduce the effective vacuum energy to zero. 
To construct such a model of hybrid inflation we in- 
troduce additional singlets ip and ip which couple to B 
and X. The superpotential becomes 

W = S mn (q m -q n -f 2 6 mn )+X ^+(y 2 ip 2 -V 2 )X , 

(14) 

where A and y are dimensionless coupling constants. The 
phase of B is now a PNGB. The masses of the ip and ip 
fields receive a contribution that depends on the inflaton 
vev: Amy, = Xf cos(N c 8), where A = X ^ Nt ._ 1 . For the 
conventional hybrid mechanism we require that the wa- 
terfall mass during inflation (i.e. for small 9) exceeds the 
Hubble scale Xf > H ~ H 2 M~}, or 
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Here, we have written the first factor as the inverse of 



Ar] in ( 10 1. The inequality in (151 illustrates a significant 
problem: the requirement Ary < 1 in (10 1 implies A 3> 1. 

In a sense, we have become victims of our own success: 
The only U(1)b breaking couplings to the singlets ip and 
ip are irrelevant couplings. Hence, for the same reason 
that the inflaton potential is very flat, the couplings of the 
inflaton to the waterfall fields are very weak. In fact, the 
couplings are too weak to lead to the traditional hybrid 
inflation scenario. 
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TABLE I: Matter content and symmetries. 



Improved waterfall coupling. The following solu- 
tion to the above problem suggests itself: we introduce 
larger representations (rather than singlets) to mediate 
U(1)b breaking effects to the waterfall fields via direct 
couplings to quarks. After integrating out the massive 
mediator fields this leads to marginal (rather than irrel- 
evant) couplings between the inflaton and the waterfall 
fields. 



Let us give an explicit example to see how this works 
in practice. For concreteness, we will present the special 
case of N c = 5. To the model above, we will add a 10, 
denoted by ft, = h a {, (we also add a spectator 10 to cancel 
anomalies). We break up the quark flavors into q m for 
m < 5 and Qk for fc > 5. The dynamics of these fields is 
governed by the following superpotential 

W = S mn (q m -q n -fS mn ) 

+ (y 2 i/j 2 - [?)X + mipip + Xqi ■ h ■ h (16) 
+ (i> 93 + h ■ h) ■ Q 6 + (ip q 5 + q~i ■ h) ■ Q 7 . 

The 5-10-10 coupling q 1 -h-h = e abcde ( qi ) a h bc h de breaks 
the U(1)b symmetry. The 1-5-5 and 5-10-5 couplings 
in the last line of ( 16 ) will mediate this to the waterfall 
field ip. At the scale /, the quarks q and q get vevs 
which give masses to the fields Q and h. We will assume 
that m < f so that we can treat X, ip and ip as the light 
fields. Integrating out Q and h then leads to the required 
structure for the effective couplings of the light fields. 

First, we use the equations of motion to give vevs to 
N c flavors of the quarks: 

(9m). = fce w 5 m , a and (q n f = /c^e"^ , (17) 

where c is a pseudo-modulus. As we will discuss below, 
a stabilizing potential is generated for c by loop and/or 
Kahler corrections. For now we assume that it gets sta- 
bilized at c ~ 1. The equations of motion for Qg and Qy 
then lead to vevs for the mediator fields: 



^23 = ipc 2 e and h 45 — ip c 
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(18) 



Hence, after integrating out the massive fields, the effec- 
tive superpotential becomes 

W cS = m(l + de 5 * e )Hj + X(y 2 iP 2 - f i 2 ) , (19) 

where 



d = — Ac 
m 



(20) 



The structure of ( 19 ) is exactly the same as that of the 
superpotential previously studied by us in Ref. jl] (see 
also [7] ) . For d ~ 1 the mass for ip is roughly m for 9 ~ 
but vanishes near 9 ^ ir/5 and becomes tachyonic for 
9 > 7r/5. This is a standard waterfall potential that will 
stabilize the field at ip = during inflation provided that 
m 2 > y 2 fi 2 . Inflation ends when 8 ~ 7r/5 and ip acquires 
a vev. 



The model in ( 16 ) is still somewhat incomplete. Specif- 
ically, in deriving the effective superpotential ( 19 1 we 
fixed the vevs of the massless scalars X and c. These 
fields are pseudo-moduli and do not stay massless once 
supersymmetry (SUSY) is broken. For example, c is the 
superpartner of a Goldstone boson, the inflaton 9, and its 
mass is only protected by SUSY. When SUSY is broken, 
c is not protected from Kahler corrections and generically 
receives at least a Hubble scale mass. Furthermore, if any 
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pseudo-modulus is coupled to additional massive fields in 
the superpotential, a potential for the modulus will be 
generated through loops. It then remains only to show 
that this potential does not contain runaways. A com- 
prehensive treatment of this question and various mech- 
anisms to stabilize pseudo-moduli appeared in Ref. |12j . 
It is straightforward to apply these techniques to c and 
X such that they are stabilized near one and zero, re- 
spectively. As we will discuss next, these effects rarely 
contribute to the potential for the infiaton. 

Revisiting the eta problem. Since we have intro- 
duced the mediator field h a b there are now additional 
gauge-invariant operators that we can write down. We 
need to check that these new operators don't reintroduce 
the eta problem through the backdoor. 

What makes many of these operators harmless is the 
fact that the waterfall field doesn't get a vev during in- 
flation. Hence, any operators involving ip and h coupled 
to X^X in the Kahler potential do not modify the in- 
fiaton potential. However, superpotential couplings may 
modify the potential both at tree level and at one-loop. 
As we show next, these can quite easily be made small 
enough to avoid the eta problem. 

We will systematically characterize all possible mod- 
ifications to the superpotential and the Kahler poten- 
tial that could alter the potential for the infiaton or 
the waterfall fields. It will be convenient to break up 
the fields into three groups: the infiaton sector (q,q), 
the vacuum energy (X, S mn ) and everything else (Y = 
{h, ip, tp, Q, Q})- The possible deformations are then clas- 
sified by the factors of Y in a given operator: 

- The case with no factors of Y is identical to the 
model without any waterfall fields §5§. As we discussed 
above, the Kahler corrections give a highly suppressed 
contribution to the infiaton mass. In addition, the 
most significant superpotential deformations B/A Nc ~ 3 
and BX / k Na ~ 2 are suppressed for N c > 4, cf. (10) and 



pseudo- moduli (e.g. c and X). For the few fields, like 
ij), whose mass depends on both <f> and X, the Coleman- 
Weinberg potential will contribute to the mass of <j). In 
particular, the potential associated with the couplings in 
(fl9l is 



(13). In particular, their contributions to r\ are small for 



our explicit example with N c = 5. 

- Linear terms in Y are potentially dangerous as they 
can completely change the vacuum structure of the po- 
tential. For example, the addition of operators like ji 2 ip 
to the superpotential will give unwanted vevs (or F- 
terms) to some fields. Operators of the form q ■ h ■ q 
will have the same effect. Rather than putting bounds 
on the coefficients of these operators, it is easier to in- 
troduce a 7i2 symmetry under which Y — > —Y. One can 
check that the superpotential ( 16 1 is invariant under this 
symmetry. The presence of this symmetry would also 
explain the form of the potential that distinguishes q, q 
from Q, Q. 

- Quadratic terms in Y do not modify the potential for 
the infiaton at tree level, although they may contribute 
at one-loop. Generic terms quadratic in Y are indepen- 
dent of the phase of the infiaton. This should be evident 
from our difficulty in constructing a suitable mass for the 
waterfall fields. For such fields, loop corrections will con- 
tribute only to the Coleman- Weinberg potential for the 



Kw(0) = M 4 J^ log(™ cos(0//)) , (21) 

where a is the renormalization scale. Keeping the contri- 
bution to the eta parameter small imposes a constraint 
on the coupling constant, y 2 -C -^-j-. The small size of 
the coupling is technically natural and quite common in 
SUSY hybrid models [7]. Furthermore, it seems conceiv- 
able that the small value of y can be explained using 
non-perturbative physics [T3j . 

- Quadratic terms in Y can also modify the water- 
fall potential. Additional operators in the superpoten- 
tial provide the most stringent constraints. For example, 
including £ q% ■ h ■ Qg in the superpotential gives an ad- 
ditional mass to the waterfall fields vn^ AA ~ £ 2 / 2 - An 
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acceptable waterfall potential implies that the effective 
superpotential has the following hierarchy: m 2 > y 2 /j 2 > 
m add- We should stress that this hierarchy is common to 
all models of hybrid inflation and in particular is com- 
pletely independent of our specific solution to the eta 
problem. Quadratic operators of the form q Y t Y x ^ in 
the Kahler potential also contribute additional masses to 
the waterfall fields. However, these contributions can be 
ignored provided that <r < y 2 A 2 //i 2 . Then the hierarchy 
of masses we require involves only terms in the super- 
potential and therefore is analogous to the hierarchy of 
Yukawa couplings in the MSSM. 

Discussion and Outlook. In this letter we have pro- 
posed a new solution to the eta problem based on the 
U(1)b baryon symmetry of SU{N C ) gauge theory. The 
infiaton field was identified with the phase of a baryon 
field. It is then easy to see that for N c > 3 there is sim- 
ply no relevant operator in the theory that could break 
baryon number. This gives a powerful way to protect 
the infiaton mass from Kahler corrections which other- 
wise are notoriously hard to characterize. 

The reader should rightly be suspicious of any claims 
of a natural solution to the eta problem and suspect that 
hidden corrections have been missed or that the problem 
has simply been moved to a different sector. As an ex- 
istence proof we therefore constructed a detailed model 
with all the required features. We explained why cou- 
pling the baryon phase to waterfall fields requires some 
care and presented a viable hybrid mechanism in a model 
with SU(5) symmetry. In the most obvious extensions 
of the SU(5) model to arbitrary N c , the waterfall fields 
obtain masses through at least one irrelevant operator. 
Unlike the SU (5) model, such terms will imply a lower 

bound on the hierarchy > (y) 1 ^™, for some integer n. 
These minimal models are still viable, but they don't lead 
to arbitrarily large suppressions in the iV c — > oo limit. 
One could hope to realize this parametric suppression by 
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altering the waterfall potential, but we leave a systematic 
exploration of this question to future work [14]. 

We stress that our idea is more general than the specific 
model we have presented. It would be very interesting to 
find other examples and characterize the space of possible 
effective Lagrangians. Furthermore, it may be instruc- 
tive to study possible UV completions of the structures 
we introduced in this letter. Since all elements of our the- 
ory have direct counterparts in the Standard Model we 
don't see a fundamental obstruction to such an endeavor. 
Even if the UV completion contains additional matter, 
charged or neutral, the above analysis can be repeated 
by including them as additional Y fields. Finally, we re- 
mark that we don't believe that supersymmetry played 
an important role in our mechanism. While we found 



supersymmetry a convenient framework to write down a 
radiatively stable model, our idea to use the high dimen- 
sionality of symmetry breaking operators in itself seems 
to have a wider range of applicability. 
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